As an approach to understanding the molecu lar basis of the pathophysiology of cerebral ischemia , we examined qualitative and quantitative changes in pertus sis toxin substrates , Gil and Go , in the membrane of rat cerebral cortex after decapitation . Within 1 min after de capitation , the extent of pertussis toxin-catalyzed [32p]ADP ribosylation of the G proteins in the cerebral cortex membrane was significantly decreased and the magnitude of the decrease became slightly larger upon further incubation of the decapitated brain . Addition of guanine nucleotides , GTP and GDP , or the purified f3'Y subunits of transducin to the membranes of control and ischemic cerebral cortex stimulated e2p]ADP ribosyla tion of the G proteins . The stimulation of [32p]ADP ribo-
sylation in the control situation by guanine nucleotides was almost to the same extent as that in ischemia . How ever , the stimulation by transducin f3'Y subunits was dif ferent; the control stimulation was greater than that in ischemia . In immunoblots probed with antibodies against Gila' G O a' and T 13' the immunoreactivity of the corre sponding proteins in ischemia was similar to that in con trol , suggesting that the amounts of G proteins were not changed in ischemia . These results suggest that ischemia accelerates the dissociation of o. phospholipase A 2 , phospholipase C, and Ca2+ channels.
In many cases, the signals produced by ligand binding to receptors are transduced by guanine nu cleotide-binding proteins (G proteins) to effectors (Casey and Gilman, 1988) . Neuronal tissues, espe cially cortex, contain large amounts of G proteins that are pertussis toxin substrates, termed Gil and Go (Katada et aI., 1986; Worley et aI., 1986) . Gil couples hormone receptors to inhibition of adenyl ate cyclase (Gilman, 1987) . Go interacts with mus carinic cholinergic receptors (Florio and Sternweis, 1985) and with -y-aminobutyric acid B receptors (Asano et aI., 1985) , to couple to effectors, probably calcium channels (Hescheler et aI., 1987) . Both G il and Go are heterotrimers consisting of ex, �, and -y subunits. 0. subunits are characteristic for each G protein: Gila and GOa have molecular weights of 41,000 and 39,000, respectively (Sternweis and Ro bishaw, 1984) and are immunochemically distinct. � and "y subunits are functionally indistinguishable. Most of heterotrimeric G proteins in the cell bind GDP on (X subunits. Agonist occupancy of the re ceptor accelerates the exchange of GDP for GTP, and thereby causes dissociation of heterotrimers to generate an active form of (X subunit, (X-GTP, which in turn regulates effectors (Cassel and Selinger, 1977; Dunlap et aI., 1987) .
Several reports demonstrating that several sec ond messengers are increased in ischemia led us to speculate that ischemia may cause qualitative and/ or quantitative changes in the components of the signal transduction system: receptors, G proteins, and/or effectors. In this study, we examined the qualitative and quantitative changes in G proteins in ischemia using biochemical and immunochemical techniques.
MATERIALS AND METHODS

Material
GTP and GDP were purchased from Boehringer Mann heim, [32p]NAD from Ne w England Nuclear, and pertus sis toxin (PT) from Kaken Pharmaceutical Co. G i l and Go were purified from bovine brain according to the method of Katada et a!. (1986) . Transducin r3'Y subunits (T �-y) were purified from rod outer segments of bovine retinas ac cording to the method of Shinoza wa et a!. (1980) .
Antibodies
An antibody raised against the purified GO a from rat brain was a generous gift of Dr. T. Katada, Tokyo Insti tute of Technology. The antibody specifically reacted with GOa purified from bovine brain and did not cross react with other PT substrates as previously reported (Katada et a!., 1987b) . Antisera to G i la were raised against the synthetic decapeptide corresponding to the amino acid se quence of G i la predicted from G i la cDNA (Goldsmith et a!., 1987) , and antisera to T� were against the purified T�-y (Kanaho et a!., 1989a) . Anti-G i la and anti-T � antibodies were purified from antisera by immu noaffinity blotting on nitrocellulose sheets as previously reported (Kanaho et a!., 1989b) . The purified antibodies specifically reacted with the corresponding proteins (Kanaho et a!., 1989b) .
Animal preparation and brain sampling
Male Sprague-Da wley albino rats, weighing about 200 g, were given free access to commercial rat cho w and water until the time of the study. Complete global brain ischemia was evoked by decapitation with a guillotine while aw ake. After decapitation, the heads were incu bated at 37°C for various intervals up to 30 min. After incubation, cerebral cortex was quickly removed and then frozen in li quid nitrogen. Nonischemic (control) ce rebral cortex was prepared by freezing in li quid nitrogen immediately after decapitation or by freezing in situ. The frozen cortices were homogenized by an ice-cold Teflon homogenizer in 20 mM Tris HC I (p H 7.4), 2 mM ethyl enediamine tetraacetic acid (EDTA), 10 mM ethyl eneglycol-bis (r3 -a minoethyl ether)-N,N' -tetraacetic acid (EGTA), 0.25 M sucrose, and I mM phenylmethylsulfo nyl fluoride (PMSF). The homogenate was centrifuged at J Cereb Blood Flow Metab, Vol. 11, No.1, 1991 1,000 g for 10 min at 4°C. The resultant supernatant was centrifuged at 105,000 g for 1 h and the pellet (membrane fraction) was suspended in a buffer consisting of 40 mM Tris HC I (p H 7.4), 2 mM EDTA, 2 mM dithiothreitol (DTT), I mM PMSF, and 1.0% Lubrol.
[ 32 p]ADP ribosylation by PT PT-catalyzed e2p]ADP ribosylation was carried out ac cording to the method described earlier (Katada et a!., 1986) . Five microliters of the membrane fraction of cere bral cortex (20 ,... ., g of protein) was added to a solution (70 ,... ., 1) consisting of 100 mM Tris HC I (p H 8.0), 10 mM thy midine, I mM EDTA, I mM DTT, 10 mM nicotinamide, and 5 ,... ., M e2p]NAD (400--6 00 cpm/pmol). The reaction was started by adding 8 ,... ., g of PT/ml (25 ,... ., 1), which had been preactivated by incubating in 50 mM Tris HC I (p H 7.5), 100 mM DTT, lOO,... ., M ATP at 30°C for 15 min. After incubation for 60 min at 30°C, the extent of e2p]ADP ribosylation was assessed by the filtration method or au toradiography. For the filtration method, the reaction was terminated by subse quently adding 0.5 ml of the solution consisting of 2% sodium dodecyl sulfate (SDS) and 0.1 mg of bovine serum albumin (BSA)/ml, and 0.5 ml of 30% trichloroacetic acid. The incorporation of [32p]ADP ri bose into PT substrates was determined by the quick fil tration method (Katada et a!., 1986) . When samples were analyzed by autoradiography, the reaction was termi nated by adding an eq ual volume of Laemmli sample buffer. After proteins of samples were separated by SDS PAGE by the method of Laemmli (1970) , gels were dried and exposed to Kodak X-Omat films (Nagata et a!., 1988) .
Electrophoresis and immunoblot analysis
The proteins of membrane fractions prepared as de scribed above were separated by SDS-PAGE after solu bilization with Laemmli sample buffer. Immunoblotting was performed after transfer of proteins onto nitrocellu lose sheets from 12% SDS-polyacrylamide gels as de scribed previously (H arris et a!., 1985) . Incubation with purified antibodies and with radioiodinated goat anti rabbit IgG F( ab' h was carried out at room temperature for 2 h. The dried sheets were then exposed to Kodak X-Omat film. After autoradiography, the specific bands of G protein subunits were cut out and then the radioac tivity of each l and was determined by a'Y counter (Pack ard Auto-Gamma 5650).
Protein was determined with the Pierce bicinchoninic acid (BCA) protein assay reagent using BSA as a standard (Davis and Radke, 1987) .
Statistical evaluation
The results were expressed as mean ± SD. The statis tical evaluation of all experiments was carried out using the t test with subse quent Bonferroni's correction for multiple comparisons. Significance was accepted for p < 0.05. When the proteins of cerebral cortex membranes were analyzed on SDS-polyacrylamide gels (12%), the pattern of the proteins from ischemic cerebral cortex was the same as that from control (Fig. lA) . However, the extent of e2p]ADP ribosylation of the �40 kDa protein [probably the mixture of Gila (41 kDa) and GOa (39 kDa)] by PT was decreased in ischemia (Fig. IB) . The e2p]ADP ribosylation was significantly reduced within 1 min after decapitation and the reduction was slightly increased upon the prolonged incubation of the decapitated brain up to 30 min. When the extent of e2p]ADP ribosylation was quantified by the filtration method, e2p]ADP ribosylation in ischemia was found to be inhibited by about 30% within 1 min and by 40% at 30 min (Fig. 2) . The same result was obtained when other protease inhibitors (leupeptin, pepstatin, and apro tinin) were added during the preparation of mem branes, suggesting that the decrease in e2p]ADP ribosylation was not due to protease digestion of the proteins (data not shown). Furthermore, the de crease in e2p]ADP ribosylation was not due to the inactivation of PT by some factor(s) in ischemic ce rebral cortex membrane since addition of fresh PT to the assay mixture during e2p]ADP ribosylation did not change the extent of labeling (data not shown). When control samples were prepared in liquid nitrogen in situ (control in situ), the values obtained were not different from those of controls after decapitation (Table 1) . We also examined the e2p]ADP ribosylation by cholera toxin of mem branes from control and ischemia. Immunoblot of PT -sensitive G proteins A possible explanation for the decrease in e2p]ADP ribosylation is that ischemia may de crease the amount of G proteins, ex subunits and/ or 13)' subunits. To examine this possibility, the amounts of Gila, GOa' and 13 subunits in the mem branes from control and ischemia were analyzed by immunoblotting probed with antibodies (Fig. 3) . Coomassie blue-stained gels of purified Gil and Go are shown as standard (Fig. 3A) . Antibodies against Gila, GOa' and T i3 specifically recognized 41,39, and 36 kDa proteins of cerebral cortex membranes, re spectively ( Fig. 3B-D) . The reactivity of each anti body was not significantly different among samples from controls and ischemia (Table 2) 121.5 ± 6.5 122.0 ± 5.2* Control membranes were prepared by immediate freezing after decapitation and freezing in situ.
RESULTS
e 2 PIADP ribosylation of membranes were quantified as de scribed in the Materials and Methods section. Numbers of rats were seven for controls (0 min) after decapitation and three for controls in situ. Values are expressed as mean ± SD.
* Not significant (p > 0.5). ischemia was not due to a decrease in the amount of G proteins.
Change in the equilibrium state of heterotrimers of G proteins caused by ischemia Heterotrimers of G proteins that bind GOP to a subunits seem to be the preferred substrates for PT catalyzed AOP ribosylation since guanine nucle otides (GOP and GTP) and i3-v subunits stimulate AOP ribosylation in the reconstituted system and in membranes (Tsai et al., 1984) . These results indi cate that the G proteins may exist at the equilibrium state as shown below:
GTP exhibits the same effect as GOP since GTP bound to the a subunits may be immediately hydro lyzed to GOP by the intrinsic GTPase activity of the a subunit. Based on this model, it is conceivable that isch emia may accelerate the dissociation of a-GOP-i3 -V (1) to a-i3-v (3), a-GOP + i3-v (2), aM a + i3-v (4). If ischemia simply accelerates the dissociation, addition of guanine nucleotides and exogenous i3-v sub units could increase the e2p]AOP ribosylation in ischemic membranes to the same extent as that in control membranes. Addition of 20 /-LM GOP in creased e2p]AOP ribosylation of G proteins in membranes from ischemia by the same degree as that from control (�180%) (no significant difference when compared to control) (Fig. 4A,B) . GTP yielded the same result as GOP (data not shown). Addition of T �-y subunits also stimulated e2p]AOP ribosylation of G proteins in controls and ischemia (Fig. 4B) . However, the magnitude of the stimula tion was smaller in ischemia (�140%) compared to that in controls (�160%) (p < 0.01). These results suggest that in ischemia the dissociation of a-GOP i3-v (1) to a-GOP + i3-v (2) is accelerated and the resultant a-GOP is denatured as shown below:
In many cells, agonist occupancy of receptors ac tivates G proteins, which in turn regulate effectors such as adenylate cyclase, phospholipase C, and phospholipase A 2 to produce second messengers. Several studies have demonstrated that second messengers such as diacylglycerol, Ca2+, and arachidonic acid are increased in ischemia (Aveldafio and Bazan, 1975; Bazan, 1976; Siesj6 and Bengtsson, 1989) . In general, it has been ac cepted that the dissociated GTP-bound a subunit regulates effectors. Of great interest is that the dis sociated free i3-v subunits may also regulate effec tors, including phospholipase C and A 2 (Jelsema and Axelrod, 1987; Moriarty et al., 1988; Boyer et al., 1989) . Furthermore, it has been demonstrated that free i3-v subunits regulate calmodulin-stimula- After immunoblotting, the radioreactivity of the specific bands of G protein subunits on nitrocellulose membranes was determined as described in the Materials and Methods section. Numbers of rats were seven for controls (0 min) and five for other points. Values are expressed as mean ± SD. The reactivity of each antibody was not statistically different among samples from control and ischemic cortices (p > 0.5).
Values are in cpm/f.I,g of protein. ted adenyl ate cyclase (Katada et ai., 1987a) . If that is the case, the increased second messengers in ischemia could be explained by the hypothesized mechanism by which ischemia causes the dissocia tion of a-GDP-131' to make free 131' subunits that in turn stimulate the effectors.
